Cellular exposure to ionizing radiation leads to oxidizing events that alter atomic structure through direct interactions of radiation with target macromolecules or via products of water radiolysis. Further, the oxidative damage may spread from the targeted to neighboring, non-targeted bystander cells through redox-modulated intercellular communication mechanisms. To cope with the induced stress and the changes in the redox environment, organisms elicit transient responses at the molecular, cellular and tissue levels to counteract toxic effects of radiation. Metabolic pathways are induced during and shortly after the exposure. Depending on radiation dose, doserate and quality, these protective mechanisms may or may not be sufficient to cope with the stress. When the harmful effects exceed those of homeostatic biochemical processes, induced biological changes persist and may be propagated to progeny cells. Physiological levels of reactive oxygen and nitrogen species play critical roles in many cellular functions. In irradiated cells, levels of these reactive species may be increased due to perturbations in oxidative metabolism and chronic inflammatory responses, thereby contributing to the long-term effects of exposure to ionizing radiation on genomic stability. Here, in addition to immediate biological effects of water radiolysis on DNA damage, we also discuss the role of mitochondria in the delayed outcomes of ionization radiation. Defects in mitochondrial functions lead to accelerated aging and numerous pathological conditions. Different types of radiation vary in their linear energy transfer (LET) properties, and we discuss their effects on various aspects of mitochondrial physiology. These include short and long-term in vitro and in vivo effects on mitochondrial DNA, mitochondrial protein import and metabolic and antioxidant enzymes.
Introduction
The absorption of ionizing radiation by living cells can directly disrupt atomic structures, producing chemical and biological changes. It can also act indirectly through radiolysis of water, thereby generating reactive chemical species that may damage nucleic acids, proteins and lipids [1] (Fig. 1) . Together, the direct and indirect effects of radiation initiate a series of biochemical and molecular signaling events that may repair the damage or culminate in permanent physiological changes or cell death [2] .
Interestingly, the early biochemical modifications, which occur during or shortly after the radiation exposure, were thought to be responsible for most of the effects of ionizing radiation in mammalian cells. However, oxidative changes may continue to arise for days and months after the initial exposure presumably because of continuous generation of reactive oxygen (ROS) and nitrogen (RNS) species [3] . Remarkably, these processes occur not only in the irradiated cells but also in their progeny [2; 4; 5] . Furthermore, radiationinduced oxidative stress may spread from targeted cells to non-targeted bystander cells through intercellular communication mechanisms [6; 7; 8; 9] . The progeny of these bystander cells also experience perturbations in oxidative metabolism and exhibit a wide range of oxidative damages, including protein carbonylation, lipid peroxidation, and enhanced rates of spontaneous gene mutations and neoplastic transformation [10; 11] (Fig.  3 ). The persistence of such stressful effects in progeny cells has profound implications for long-term health risks, including emergence of a second malignancy following radiotherapy treatments [12; 13; 14; 15] . Oxidative DNA damages in key genes such as the tumor suppressors P53 and RETINOBLASTOMA may be responsible for the induction of such malignancies [16; 17] . Increasing evidence also supports the role of chronic oxidative stress in the progression of degenerative diseases and radiation-induced late tissue injury [2; 18; 19] . Therefore, understanding the molecular and biochemical events that promote early and late oxidative stress in irradiated cells/tissues will be informative for counteracting adverse health effects of ionizing radiation.
Primary effects of ionizing radiation

Water radiolysis and generation of reactive oxygen species
Water is the major (∼80%) constituent of cells. A thorough knowledge of water radiolysis is therefore critical for understanding radiobiological effects. The absorption of energetic radiations by water results in both excitations and ionizations leading to production of free radicals that in turn can attack other critical molecules (indirect effect) (Fig. 1 ). For brevity, the complex events that accompany the absorption of high-energy photons or the passage of fast charged particles can be divided into four, more or less clearly demarcated, consecutive, temporal stages [20] . During the first or "physical" stage, the energy deposition is caused by the incident radiation and secondary electrons are generated. The resulting species are extremely unstable and undergo fast reorganization in the second or "physicochemical" stage. These processes produce radical and molecular products of radiolysis that are distributed in a highly non-homogeneous track structure. Secondary electrons slow down to sub-excitation energies and following thermalization, they become trapped (e − tr ) and hydrated (e − aq ). The initial (∼10 −12 s) spatial distribution of reactants is then directly used as the starting point for the so-called stage of "non-homogeneous chemistry". During this third stage, the various chemically reactive species diffuse and react with one another or with the environment, until all intra-track reactions are complete (∼10 −6 s). Finally, in a physiologic system, there follows a "biological" stage in which the cells respond to the damage resulting from the products formed in the preceding stages. During this stage (∼10 −3 s or longer, depending very much upon the medium), the biological responses affecting the long-term consequences of radiation exposure are induced. Figure 2 illustrates the time scale of the stages of water radiolysis by sparsely ionizing types (e.g. cobalt-60 or cesium-137 γ rays). It also shows the time scale of chemical reactions leading to generation of specific radiolytic products.
On a quantitative basis, the species produced in the radiolysis of pure deaerated water are e − aq , • (Fig. 2) . H 2 plays only a limited role in the radiolysis of aqueous solutions, and most of it escapes from solution.
In biological systems, organic radicals (R • ) are also formed, most often by H-abstraction reactions (initiated by • OH radicals for example). These carbon-centered radicals usually react rapidly with O 2 to give peroxyl radicals (RO 2 • ), which are stronger oxidizing agents than their parent radicals [24] . The RO 2
• radicals can abstract H • from other molecules to form hydroperoxides (ROOH), a reaction known to be involved in lipid peroxidation. In this context, the progression of radiation damage in cells likely involves persistent lipid peroxidation reactions that are intertwined with protein inactivation [3; 25] .
Generation of reactive nitrogen species
Ionizing radiation can also stimulate inducible nitric oxide synthase (NOS) activity in hit cells [26] , thereby generating large amounts of nitric oxide ( • NO). Although • NO is chemically inert toward most cellular constituents (except for heme), it reacts with O 2
•− to form the peroxynitrite anion (ONOO − ) with a rate constant that is larger than that for the superoxide dismutase (SOD)-catalyzed dismutation of O 2
•− [27] . Like hydroxyl radicals, ONOO − is also highly reactive and capable of attacking a wide range of cellular targets, including lipids, thiols, proteins and DNA bases. This high reactivity of ONOO − implies low selectivity, confined reactivity with molecules in immediate vicinity, and inability to act as a cellular messenger. By contrast, the much lower reactivity of H 2 O 2 and O 2
•− (or HO 2 • , depending on pH) allows them to diffuse a longer distance away from the originating site (the diffusion coefficients of H 2 O 2 , O 2 •− , and HO 2 • being 2.3 × 10 −9 , 1.75 × 10 −9 , and 2.3 × 10 −9 m 2 s −1 , respectively [28] ). In the presence of catalytic redox metal ions (principally iron and copper ions), these species lead to the production of • OH radicals via Fenton and Haber-Weiss chemistry [29] , which can enhance damage [30] .
In summary, the radiolysis of water and early activation of nitric oxide synthases is a major source of ROS/RNS in irradiated cells under ambient oxygen. Interestingly, the yield of these species is strongly modulated by different types of radiation. With increasing linear energy transfer (LET) of the irradiating particles, an increase in the yield of molecular products (such as H 2 O 2 ) is accompanied by a corresponding decrease in the yield of radicals (such as • OH). In contrast, O 2
•− (or HO 2 • ) is the most abundant radical species produced by radiations with high LET character [31; 32] . Evidently, the yield of these products and their concentrations along the tracks of irradiating particles has important consequences to the extent and nature of induced DNA damages [33; 34] . Reactive oxygen and nitrogen species can attack DNA resulting in several alterations, including DNA breaks, base damage, destruction of sugars, crosslinks and telomere dysfunction [35; 36; 37] . If unrepaired or misrepaired, these damages may lead to mutations and promote neoplastic transformation or cell death [4] .
Ionizing radiation track structure and the nature of induced biological effects
Ionizing radiation is classified as either electromagnetic or particulate. Whereas X and γ rays belong to electromagnetic radiation, energetic electrons, protons, neutrons, α particles and heavy charged particles are different forms of particulate radiation [1] . Many of the damaging effects of water radiolysis are due to the geometry of the physical energy deposition of the impacting radiation, referred to as the track structure or LET effects [38] . In irradiated cells, such energy deposition causes endogenous bursts of ROS in and around the radiation track as well as in the intercellular matrix. The track structure determines the relative potency of different types of radiation in causing biological effects [39; 40] . Following exposure to high LET radiations (e.g. α particles, high charge and high energy (HZE) particles), the yield of locally multiply damaged (LMDS) sites in DNA is greatly increased [4; 41; 42] . The clustering of lesions induced by ionizing radiation is thought to play a central role in long-term biological effects [43] . However, the concept that low doses/ low fluences of ionizing radiation generate LMDS is not universally accepted [44] .
Whereas ∼60 ROS per nanogram of tissue are generated within less than a microsecond from a hit caused by 137 Cs γ rays, ∼2000 ROS are generated from a 3.2 MeV α particle traversal, which corresponds to a ROS concentration of ∼19 nM in the nucleus [45] . Such a nuclear ROS concentration can obviously cause extensive oxidative injury and modify normal biochemical reactions [46; 47] . As a result, different signaling cascades responding to these stress conditions are triggered. For example, adaptive responses encompassing DNA repair and antioxidation reactions may be triggered following exposures to low doses of low LET radiations (X and γ rays) [48; 49; 50] . The protective mechanisms may overcompensate, resulting in stimulatory responses that enhance the well-being of the organism long after the exposure [51; 52] . In contrast, basal and induced signaling cascades do not seem to completely alleviate the complex damages induced by low fluences of high LET radiations (e.g. α and HZE particles) [53] . Damaging effects endure and may spread to neighboring bystander cells [54] and persist in their progeny [11; 55] (Fig. 3) . Since lowdose radiation-induced bystander effects and adaptive responses appear to involve ROS and RNS [2; 56] , the track structure is crucial for dictating the size and precise location of the initial radiation-induced ROS bursts and their subsequent signaling or damaging effects [57; 58; 59; 60] . As discussed below, the track structure of the impacting radiation is also critical in determining the nature of long-term effects on oxidative metabolism [10; 11] . The bursts of ROS and RNS may affect directly or indirectly proteins/genes that participate in oxidative metabolism [26; 61] . The persistence of such perturbations in the normal oxidative metabolism is associated with chronic inflammatory responses [4; 62; 63] . The latter is a field of growing interest from radiotherapy [19] and radiation protection [18; 64] perspectives; it is the subject of intense investigations (reviewed in [4; 63; 65] ). Levels of the inflammatory markers C-reactive protein (CRP), interleukin-6 (IL-6), white cell blood counts, and sialic acid levels were found to be increased in survivors of the A-bomb long after the event [64; 66] .
Chronic inflammation is a dynamic and progressive process. When recruited to sites of inflammation, macrophages and neutrophils generate diffusible and reactive species, including ROS and RNS. These species can cause a large spectrum of oxidative DNA damage that can lead to mutations as well as DNA cross-links in neighboring cells (reviewed in [67; 68] ). Further, the processing of closely spaced oxidative lesions (oxidatively-induced clustered clustered DNA lesions or OCDLs) can induce DNA double strand breaks, a serious type of DNA lesion that leads to cell death or long-term stressful effects in surviving cells [69; 70; 71] . Increasing evidence indicates that inflammatory cells in circulating blood of patients that received partial body irradiation may also induce DNA damage at sites that are distant from the irradiated target [4; 72] , hence contributing to 'out-of-field'or abscopal effects [5; 73; 74; 75] . Macrophages also secrete cytokines [76] that may perturb physiological functions in normal surrounding cells. Hence, the effects of localized energy deposition events in a cell may not be assessed independently of neighboring cells. Whereas, certain genetic and epigenetic changes in targeted and nontargeted cells may be observed shortly after exposure [5; 6; 54; 77] , others require several generations to be expressed [10; 78; 79; 80] . Certain effects (e.g. microRNA expression) were detected as early as several hours after whole body irradiation of mice, and persisted for days, weeks, and even months after irradiation [79] . Together, the changes due to radiation-induced chronic inflammation and perturbations in oxidative metabolism can lead to genomic instability in targeted and non-targeted cells [81] , causing serious health effects, including neurodegeneration, cardiovascular diseases and cancer [82; 83; 84] .
Endogenous and radiation-induced DNA alterations
A strong emphasis has been on the effect of exogenous agents such as radiation on DNA damage. However, improvements in the sensitivity of analytic methods to measure oxidative damage [68] have revealed altered bases and nucleotides in the DNA of normal cells that have not been exposed to ionizing radiation or other mutagens [85] . The analyses have shown that endogenous biochemical processes greatly contribute to genome mutations. The ROS produced during normal cellular metabolic processes (mainly O 2
•− and H 2 O 2 ) cause extensive depurinations and to lesser extent depyrimidinations. In addition, ROS can oxidize bases in DNA, such as the oxidation of deoxyguanosine (dG) to 8-hydroxyguanine (8-oxodG), with ∼ 100-500 of such lesion being formed per day in a human cell [86] . The rate of occurrence of these alterations has been closely linked to the rate of oxidative metabolism: higher oxygen consumption in different species correlated with an increased rate of base oxidation in DNA [87] . A failure to repair oxidized bases creates a risk of mutation during DNA replication. For example, 8-oxodG mispairs with deoxyadenosine (dA) rather than deoxycytosine (dC) resulting in a C-A point mutation.
In addition to base oxidation, depurination and depyrmidination, other spontaneous damages can also occur in DNA. The modification of cytosine to 5-methylcytosine (5mC) caused by reaction with S-adenosylmethionine, mainly in CpG doublets in the mammalian genome [88] , creates a mutable site that generates thymine. The latter is a component of normal DNA, and the T:G basepair may escape detection and serves as template in a subsequent cycle of DNA replication, leading to a C-to T point mutation.
Several defenses act to restore DNA integrity. In response to DNA damage, cells activate cell cycle checkpoints that provide time for DNA repair machinery to mend the damage. Base excision repair (BER) recognizes and restores spontaneous base modifications, abasic sites and single strand breaks [89; 90] . Other modes of DNA repair, including nucleotide excision repair (NER), mismatch repair and double strand break repair restitute other types of DNA damage [91] .
The spectrum of ROS generated during and shortly after irradiation is similar to that produced by metabolic processes. However, differences exist in microdistribution (single molecules and clusters of ROS produced by radiation vs. single molecules produced by endogenous processes), relative yield of specific products (mainly O 2
•− and H 2 O 2 produced by endogenous processes vs.
• OH in highest yield in irradiated cells) and timing of production (chronic release of endogenous ROS versus instantaneous production during irradiation) [92] , As a result, damage from metabolic ROS is randomly distributed in the DNA, radiation-induced DNA damage frequently occurs in clusters [93] . Whereas ∼ 1/3 of DNA damage from ionizing radiation (low LET type) emanates from direct interaction of DNA with the irradiating particle and 2/3 due to indirect effects ( Fig. 1) , DNA damage from endogenous sources is due primarily to indirect effect.
Techniques such as the 'comet assay' [93; 94] and newer techniques (e.g. gas chromatography, high pressure liquid chromatography, immunoassays) [4; 68] can distinguish gross DNA damage produced by ionizing radiation and damage from oxidative attacks. For low doses of radiation, the total number of induced DNA alterations is probably small when compared with the total number of equivalent alterations from endogenous sources [95] .
Reactive oxygen species and cellular homeostasis
Although excess ROS produced by ionizing radiation is toxic, intra-cellular ROS produced under physiologic conditions serve as essential signaling molecules that regulate numerous cellar processes [96; 97; 98] . Homeostatic cellular functions therefore require tight control of the redox environment [2; 99] . At low levels, ROS participate in signaling pathways that maintain normal cellular functions by regulating the expression of specific genes [100; 101; 102; 103], modulating ion channel activities [104] , and mimicking or affecting intermediates (e.g. second messengers) in signal transduction [105] . NAD(P)H-oxidases, lipoxygenases, nitric oxide synthases, xanthine oxidase, microsomal cytochrome P-450, and mitochondrial electron transport chain are the major sources of cellular ROS [106] . The levels of these ROS greatly depend on the availability of cellular oxygen [30] . Most of the oxidants and their byproducts are metabolized by various enzymes and small molecule antioxidants [97] . Most likely, it is the ROS that escape antioxidant defense participate in homeostatic regulation of redox signaling [107] . Certain ROS (e.g. HO 2 • , H 2 O 2 ) can permeate lipid bilayers [108] and traverse membranes [109] , thus contributing to the propagation of signaling events among cells in a confluent cell culture.
Although a major emphasis in the literature has been on physiological functions at homeostatic or higher than normal levels of ROS [110] , lower ROS levels also result in important changes in cellular functions [111] . For example, inhibition of superoxide production by NAD(P)H-oxidases (but not nitric oxide generated by nitric oxide synthases) leads to strong arrest of cells in G 1 phase of the growth cycle [112] (Fig. 4) . The effect occurs in the absence of induced DNA damage and is dependent on the Ataxia Telangiectasia Mutated (ATM) gene, a critical player in the early detection and repair of ionizing radiation-induced DNA damage [113] . Importantly, the induced G 1 -delay is attenuated when cells treated with inhibitors of NAD(P)H-oxidases are simultaneously exposed to low dose-rate γ rays. These results suggest that ROS generated by γ rays substitute for effects of ROS generated by NAD(P)H-oxidases [112] . It is often asked whether the chemical species and/or genetic lesions induced by ionizing radiation and those induced by normal oxidative metabolism are distinct or similar [92] . Therefore, the ability of radiation-induced ROS to replace ROS generated by flavin-oxidases (e.g. NAD(P)Hoxidase) for restoration of normal cell cycle progression suggests that they are similar.
The findings as described above emphasize the multi-functionality of oxidases in modulating normal cellular responses and highlight a regulatory link between oxidative metabolic processes and cell-cycle functions [98] . In addition to mediating the antimicrobial activity of phagocytes [114] , the multicomponent NAD(P)H oxidase affects signal transduction by growth factor receptors [115] and promotes proliferation in a variety of cell types [116] . In turn, mitogenic signaling elicited by cytokines or growth factors induces intracellular ROS production via activation of the PI3K pathway resulting in stimulation of Rac1, which up-regulates NAD(P)H-oxidase activity [117] . However, the exact molecular and biochemical events by which non-phagocytic NAD(P)H-oxidase (and/or other oxidases) mediate cellular proliferation under physiological oxidative conditions are not clear. Nevertheless, the levels and activity of cyclins that drive cellular proliferation (e.g. cyclin D) are redox sensitive [112; 118] . Therefore, the cell cycle arrest in G 1 phase through modulation of the cellular redox environment offers a therapeutic potential to control tumor growth. Notably, many cancer cells show increased production of hydrogen peroxide and other oxidizing species, which are associated with cellular proliferation [119] . Hence, the approach of inhibiting basal oxidant production by flavin-oxidases could be an attractive mode of cancer therapy [111; 118; 120; 121; 122] . Importantly, most tumors harbor proliferating cells in different phases of the growth cycle. Blocking cells in G 1 phase, by inhibiting ROS generation by flavin-containing oxidases, could result in depletion of tumor cells from the relatively radioresistant S-phase compartment [123] , thereby enhancing radiosensitivity and therapeutic response. This approach may complement radiotherapy of cancer cells, which are normally not arrested in G 1 phase after irradiation [124] . Aberrant cell proliferation associated with oxidative stress also contributes to other pathological conditions such as neurodegenerative and cardiovascular diseases and diabetes [125] . Reestablishing cell cycle regulation by manipulating the cellular redox environment may help ameliorate some of these disorders [98] .
Mitochondria and delayed effects of ionizing radiation
Upon cellular exposure to ionizing radiation, ROS generating-oxidases may be activated, antioxidants modulated, and metabolic activity altered in response to the oxidative insult. Among the multitude of induced effects, ionizing radiation may disrupt mitochondrial functions because of several reasons. For example, mitochondria occupy a fairly substantial fraction of cell volume (4-25% depending on the cell) [126] , which renders them a likely target of radiation traversal through the cell. More importantly, mitochondria consume about 90% of the body's oxygen and are the richest source of ROS [127; 128; 129; 130] . They divert about 1-5% of electrons from the respiratory chain to the formation of superoxide radicals by ubiquinone-dependent reduction [131] . Mitochondrial dysfunction in irradiated cells may thus significantly contribute to perturbation in oxidation-reduction reactions that determine the cellular redox environment. The mitochondrion serves as the "real power plant of the cell" through aerobic respiration [132] . It is the cell's principal source of energy that includes the tricarboxylic acid (TCA) cycle, electron transport chain (ETC), and oxidative phosphorylation.
The TCA cycle occurs in the mitochondrial matrix, and oxidative metabolism of carbohydrates, lipids, and amino acids integrate into the TCA cycle to produce NADH and FADH 2 . These essential intermediates are electron-rich donors that enter the ETC on the mitochondrial inner membrane for use in ATP production. The ETC is composed of 5 protein complexes (I-V) that perform a series of oxidation-reduction reactions in which O 2 serves as the final electron acceptor and is reduced to H 2 O. Electron transfer is coupled with the ejection of H + out of the matrix into the inter-membrane space, creating a proton gradient that drives the production of ATP through oxidative phosphorylation [133] . A consequence of this energy production is the generation of ROS byproducts.
The premature leakage of electrons (mainly from complexes I and III, and complex II to a minor extent) results in the reduction of O 2 to create superoxide (O 2
• ) [134; 135; 136] . Apart from this normal basal level of ROS production, radiation causes further leakage of electrons from the ETC, and therefore results in excess O 2
•− generation [97] . This occurs in addition to the ROS produced during water radiolysis. ROS production by mitochondria plays multiple roles in signaling cascades [137; 138; 139] and mediates apoptosis [140] . Excess ROS may cause mutations in mitochondrial DNA, and damage or alter the expression of proteins required for critical mitochondrial and cellular functions. Several endpoints have been tested to examine mitochondrial dysfunction in irradiated cells and their progeny. For example, early and late generation of radiation-induced mitochondrial ROS/RNS mediates changes in mitochondrial DNA copy number [141] , mutations [142] and gene expression [143; 144] , autophagy [145; 146] 
Mitochondrial DNA
Human mitochondrial DNA (mtDNA) is a circular molecule; it is among the smallest known mtDNAs and contains 16,659 bases. A mammalian cell contains several copies of mtDNA that code for rRNA, tRNA and proteins (13 in humans). The close proximity of mtDNA to sites of ROS production renders it particularly susceptible to damage, which led Harman to propose that damage to mtDNA contributes to the aging process [163] . Various pathologies have been attributed to mutations in mtDNA; their severity depends on the nature of the mutation and on the proportion of mutant and wild-type mtDNA present in a particular cell type [164; 165; 166] . Tissues that have a high requirement for ATP are most affected by mutations in mtDNA [167] , and express a variety of pathologies as well as age associated disease [168; 169] .
Short-and long-term radiation-induced ROS/RNS could result in damage to mtDNA and/or nuclear DNA (nuDNA) coding for mitochondrial electron transport chain (ETC) subunits as well as the biochemical machinery necessary for their proper expression and assembly [170] . Interestingly, cells deficient in mitochondrial electron transport (rho (o) cells) do not experience radiation-induced ROS/RNS production [126] . Rho (o) cells are more resistant to radiation-induced cell killing than rho (+) cells; they show delayed G 2 arrest and decreased ability to recover from the G 2 checkpoint than rho (+) cells [171] .
Recent evidence has indicated that base excision repair [172] and mismatch repair [173] may be induced in mitochondria during oxidative insult. However, excess oxidative stress appears to target the mitochondrial DNA polymerase γ (pol γ) activity required for replication and repair of mtDNA [174] , thereby reducing the overall repair capacity [175; 176; 177] . In addition, cells from knockout mice for 8-oxoguanine DNA glycosylase (ogg1) spontaneously accumulate mtDNA damage [178] . Therefore, subsequent to radiation exposure, mtDNA might be preferentially damaged or lost due to oxidative stress with an ensuing decrease in respiratory chain activity and decrease of mitochondrial function. Mutations in mtDNA causing disruptions in the proper assembly and/or function of mitochondrial ETCs could lead to an increase in accessibility of reduced components of the ETCs to O 2 , which may result in an increase in prooxidant formation [2] . The net consequence being a condition of persistent metabolic oxidative stress that continues to cause de-novo oxidative damage to critical biological structures long after the radiation exposure. Radiation-induced mtDNA mutations may segregate in post-mitotic cells [179] and become heritable traits that contribute to genomic instability [180] . Changes in the structure and/or function of genes coding for mitochondrial ETC proteins in progeny cells can give rise to increases in mitochondria-derived oxidants that contribute to nuDNA damage [162] .
The 'common deletion' in the mitochondrial genome is also induced following cellular exposure to ionizing radiation [181] . This deletion involves the loss of 4977 base pairs coding for genes that include subunits of the mitochondrial ATPase, NADH dehydrogenase complex I and cytochorome c oxidase. Once formed, the 'common deletion' becomes stable [182] . It has been proposed that the 'common deletion' leads to inefficient mitochondrial metabolism and thus increased ROS production [183] . Whereas irradiated normal cells accumulate significant levels of the 4977 base-deletion, tumor cells show only a modest induction [181] . Surprisingly, a relationship between radiation-induced deletions and sensitivity to cell killing by radiation was not observed in the same study among the various cell strains/lines tested [181] .
The traffic of DNA from mitochondria to the nucleus has been demonstrated in Saccharomyces cerevisiae [184] , and mtDNA sequences are found in at least 27 sites in human chromosomes [185] . It is therefore attractive to speculate that migration of mtDNA fragments to the nucleus following exposure to ionizing radiation may lead to their insertion in nuclear genome, particularly during repair of DNA double strand breaks [186] , which would contribute to alterations in genomic DNA and the induction of genomic instability. Irradiation of mice stimulated the appearance of mtDNA fragments in the cytosolic fractions of the brain as early as 1 h after exposure to 5 Gy of 137 CS γ rays [187] . By targeting regulatory sequences, insertion of mtDNA in nuDNA may result in permanent changes in gene expression [180] . Therefore, a persistent increase in mitochondrial oxidative stress following exposure to ionizing radiation may lead to a mutagenic phenomenon that could contribute to cancer and accelerated aging [188; 189] . Consistent with a role of oxidative stress in the translocation of mtDNA to the nucleus, experiments in yeast have shown that the migration rate increases during chronological aging [189] , which suggests that a similar phenomenon may occur following exposure to moderate doses of radiation.
Effects of ionizing radiation on mitochondrial functions
4.2.1. Mitochondrial protein import-Although mitochondria contain their own DNA and complete systems for replication, transcription and translation, they synthesize only a few (13 in humans) proteins [190] . All other mitochondrial proteins are nuclear-encoded and are synthesized on cytoplasmic ribosomes. These proteins must be transported from cytosol to the correct mitochondrial sub-compartment -outer membrane, intermembrane space, inner membrane or matrix [191] (Fig. 5) . Protein import into mitochondria is therefore a fundamental mechanism of mitochondrial biogenesis -maintenance and regeneration of mitochondria. Defects in mitochondrial protein import resulting from exposure to ionizing radiation may amplify the oxidative stress and lead to late health effects, including degenerative diseases and metabolic disorders [192; 193; 194; 195] .
We have demonstrated that mitochondrial protein import could be used as a sensitive marker for early detection of long-term effects of ionizing radiation [161] . Specifically, irradiated normal human diploid cells show differential effects of high and low doses of γ rays on mitochondrial membrane potential (Δψ) and protein import [161] . Protein import into the mitochondrial matrix requires Δψ across the inner membrane, and our data show that ionizing radiation-induced defects in import are not solely due to changes in Δψ. These import studies were performed using the frataxin precursor protein as a model substrate, and it remains to be determined if radiation affects mitochondrial import of other proteins as well. For example, cellular exposure to ionizing radiation may cause damages to key components of the protein translocation machinery, and this in turn may result in a global defect in protein targeting/import.
We also found that exposure to ionizing radiation causes a decrease in the levels of some of the components of the protein import machinery in vivo. These observations were made with tissues of rats exposed to mean moderate doses (50 cGy) of high LET radiations (HZE particles). The effects persisted for months after the exposure, occurred in both the targeted and non-targeted tissues of irradiated animals, and correlated with greatly reduced mitochondrial protein import. These novel findings highlight the physiological relevance of radiation dose and quality (LET) with respect to long-term effects on mitochondria. The results also show that radiation dose-rate is an important factor modulating mitochondrial biogenesis. Compared to cultured cells or rodents exposed to acute radiation doses, protraction of delivery of the low LET radiation dose attenuated reduction in mitochondrial protein import. A reduction in import efficiency is normally indicative of stress conditions. However, it may also represent an adaptive response to minimize ROS-mediated metabolic changes. In fact, proteomic analyses of mitochondria from tissues of irradiated rodents [73] reveal both stressful effects (e.g. decrease in proteins involved in fatty acid elongation, a process required for energy storage and synthesis of lipids [196] ), and protective responses (e.g. upregulation of Nrf2 signaling implicated in important antioxidant functions [197; 198] ).
Metabolic enzymes:
Aconitases-Iron-sulfur (Fe-S) clusters are ancient modular co-factors of proteins that are involved in many cellular processes, including enzymatic catalysis, electron transport, and regulation of gene expression [199] . Mammalian cells contain two aconitases that contain Fe-S clusters: the mitochondrial enzyme (ACO2) involved in the TCA cycle, and a cytosolic enzyme referred to as the iron regulatory protein-1 (IRP1).
The TCA cycle in the mitochondrial matrix is a central pathway of oxidative metabolism. This pathway is critical for the oxidation of acetyl-CoA and for the production of reducing equivalents that are used by the respiratory complexes to produce ATP. Aconitase (ACO2) is one of the eight enzymes that participate in the TCA cycle. It reversibly catalyzes the conversion of citrate to isocitrate. The cubane [4Fe-4S] 2+ cluster in the active site of aconitase is essential for this catalytic activity, but it also renders the enzyme highly vulnerable to oxidative stress. The cytosolic IRP1 in its [4Fe-4S] cluster form exhibits aconitase activity. As in the case for the mitochondrial aconitase (ACO2), the [4Fe-4S] cluster of cytosolic IRP1 is also highly susceptible to oxidative damage.
The data presented in Fig. 6 illustrate in-gel measurement of aconitase activity 24 h after exposure of Chinese hamster lung fibroblasts to a moderate dose of γ-rays (50 cGy). The assay differentiates between mitochondrial and cytoplasmic aconitase activities, and shows that both are decreased in irradiated cells (Fig. 6) .
We have also shown that ACO2 activity is decreased in tissues of irradiated mice or in cultured cells after exposure to doses as low as 1 cGy from sparsely ionizing 137 Cs γ rays. The decreases were transient and the activity returned to basal levels within 48 to 120 h after irradiation. This is an important finding because such a low dose is often used for certain diagnostic procedures. In confluent cell cultures exposed to low fluences of densely ionizing radiations (e.g. HZE particles such as Fe or Ti ions found in deep space), significant decreases in ACO2 were detected in protein lysates even when only ∼1-5% of the cells in the culture were irradiated. These data suggest that oxidative stress in irradiated cells is propagated to neighboring bystander cells, and this notion has been confirmed in co-culture studies of HZE-particle-irradiated cells and bystander cells [10; 11] . Strikingly, the effect on aconitase activity in the progeny of bystander cells persisted and was detected after 20 population doublings [11] . These results strongly suggest that perturbations in oxidative metabolism persist long after the radiation exposure. The effect was associated with enhanced levels of micronuclei (a form of DNA damage that arises mainly from DNA double strand breaks [200] ), protein carbonylation, lipid peroxidation and decreases in cloning efficiency [11] .
One possibility is that the decreases in aconitase activity leads to reduced NADH supply for electron transport, thereby limiting the production of free radical species [201] . Thus, in the case of sparsely ionizing radiations (i.e. γ rays), the transient decreases in ACO2 activity in cells and tissues exposed to low doses represent an adaptive response to reduce further generation of ROS until the redox environment is restored to homeostatic levels. However, the continual reduction in aconitase activity in distant progeny of bystander cells that were in co-culture with cells exposed to densely ionizing radiations is indicative of persistent oxidative stress [10; 11] . These radiations include α particles emitted from radon gas and HZE particles encountered during deep space travel, and are likely to be associated with significant health risks [202; 203] .
Measurement of aconitase activity may be used as another sensitive marker of oxidative stress in irradiated cells and tissues. It may be particularly informative of the level of stress induced in situations of mixed exposures to both sparsely and densely ionizing radiations. The oxidized form of aconitase (ACO2) appears to be selectively degraded by the Lon protease in mitochondria [204; 205] . Thus, studies of mitochondrial aconitase activity/ protein levels and degradation of the aconitase protein by Lon protease may provide critical understanding of radiation-induced biochemical events in mitochondria.
Large protein complexes and oxidative damage to mitochondrial
proteins-Proteins that participate in critical mitochondrial functions often exist in large complexes (e.g. respiratory complexes I-V). These complexes may be susceptible to oxidative stress from exposure to ionizing radiation. Consistent with this concept, dysfunction in mitochondrial complex II was shown to contribute to genomic instability in progeny of cells exposed to ionizing radiation [206] . In these cells, aberrant expression of subunit B protein of complex II led to increased steady-state levels of O 2
•− and H 2 O 2 .
Radiation induced ROS may also result in oxidative damage to other proteins in mitochondria. Significant increases in protein carbonylation and also in levels of proteins with 4-hydroxynonenal adducts were observed in high LET-irradiated cells within hours after exposure [45] . 4-hydroxynonenal is a notoriously reactive molecule that covalently modifies proteins and DNA, thereby causing dysregulation of their function [207] . As shown in Fig. 7 , these modifications were also detected in the distant progeny of bystander cells that were in co-culture with cells exposed to high LET radiations [11] . These findings are highly relevant to understanding of long-term health effects of radiation. Such a notion is consistent with our in vivo work showing extensive protein oxidation in targeted and non targeted tissues of mice and rats even 2 years after exposure to radiations with high LET character. These effects appear to be tissue specific and are associated with chronic inflammation, a dynamic and progressive process that begins with ROS and RNS generation and is closely associated with radiation-induced oxidative stress [19] .
Oxidative damage to proteins renders them prone to segregation and degradation. Further, carbonylation damage is unrepairable, which may impair the activity of key proteins essential for healthy survival [208] . It may disrupt protein structures with consequent loss of functions. It may also change the transport properties of lipid bilayers and the transmembrane potential of both plasma and nuclear membranes, and cause the accumulation of cytotoxic products [209] . Carbonylation of histones, the essential components of eukaryotic chromatin, has potentially severe consequences for the maintenance of genomic integrity [210] . It alters chromatin compactness with significant loss of DNA repair. Therefore, persistent oxidative damage in irradiated and non-targeted organs may be a factor in late tissue injury following radiotherapy [63; 106] .
4.2.4.
Modulation of antioxidants-Central to antioxidant defense are superoxide dismutases (SOD), glutathione, glutathione peroxidases, catalase as well as nutrient-derived antioxidant compounds such as vitamin E and selenium [211; 212] . The use of antioxidants in the treatment of radiation injury and other diseases associated with oxidative stress (e.g.
Crohn's disease, rheumatoid arthritis, osteoarthritis) continues to be advocated [3; 106; 213] . For example, SOD has been shown to protect other enzymes, mitochondria, membranes, microsomes, DNA and normal mammalian cells [106] ; its anti-inflammatory properties were discovered well before the protein was identified as an enzyme [214] . Indeed, the protective effects of antioxidants support the role of ROS in the progression of diseases [215] . However, the dose, timing and mode of delivery of antioxidants should be carefully evaluated. For example, the superoxide radical serve as both an initiator and a terminator of the free radical-mediated chain reaction that results in lipid peroxidation [216] . Thus, depending on dose, in some circumstances SOD may not alleviate radiation injury; in contrast, it may exacerbate the toxic effects.
Similar to mitochondrial protein import and aconitase activity described above, radiation also modulates antioxidant enzyme activity in a dose, dose-rate and LET-dependent manner. Low doses of low LET radiation ( 137 Cs γ rays) delivered at low dose-rate up-regulate antioxidant defense (e.g. increase in the level of glutathione together with up-regulation of γ-glutamylcysteine synthetase expression [48; 217; 218] ). By contrast, high LET radiation propagates oxidative stress in the irradiated cells and their neighboring bystanders [219; 220; 221] . In progeny of bystander cells, oxidative stress is associated with decreases in activity of MnSOD, CuZnSOD, catalase and glutathione peroxidase [11] . With relevance to radiation protection and radiotherapy, similar effects in progeny cells were not induced when bystander cells were co-cultured with low LET-irradiated cells [11] .
Perspective
Reactive oxygen and nitrogen species have multiple roles that greatly depend on their concentrations. At normal physiologic levels, ROS/RNS participate in signal transduction functions that are essential for healthy survival [107] . However, at aberrant levels, they function as toxic agents and are associated with abnormal cell proliferation [215; 222] . Ionizing radiation is a strong inducer of ROS and RNS [35] . Depending on concentration, reactivity, spatial and temporal distribution, these species may mediate either adaptive/ protective responses or genomic instability in progeny of irradiated cells and their neighboring bystanders [223; 224; 225; 226] .
Against a background of ∼ 10 9 ROS/cell/day derived from metabolized oxygen [227] , a few hundred ROS are generated from cellular exposure to low doses/low fluences of ionizing radiation mainly due to water radiolysis [95] . Yet, cells sense this increase and up-regulate signaling cascades to counteract the effects of additional reactive species. Metabolic protections are mobilized during and soon after the insult at molecular, cellular, tissue and organism levels [228] . In addition to up-regulation of DNA repair mechanisms, antioxidants scavenge excess ROS and proteases remove oxidized proteins. Further, cells/tissues may downregulate oxidative metabolism to lower the concentrations of reactive chemical species and may mobilize immune responses as well [11; 161; 229] . Whereas the induced mechanisms adequately protect against oxidative stress from low doses of low LET radiations delivered at low dose rates [48; 230; 231; 232; 233; 234; 235] , they are inefficient at low fluences of high LET radiations. In fact, the latter radiations appear more effective at inducing long-term clastogenic/toxic effects [236; 237] than previously thought [238; 239] . The concentration of ROS/RNS in confined space along the track of densely ionizing radiations is an important factor that determines the damaging effects of high LET radiations [33; 47; 59; 240; 241] . Mounting evidence indicates that perturbations in oxidative metabolism may persist long after the decay of primary and secondary chemical species, and these conditions likely disrupt stability and activity of DNA repair proteins. Consequently, de novo DNA damages continue to occur [10; 242] , thereby affecting gene expression. Therefore, understanding of the processes that lead to perturbations in oxidative metabolism would contribute to devising strategies to counteract oxidative stress (e.g. by administration of antioxidants, inhibitors of mitochondrial ATP-dependent proteases that target metabolic enzymes, etc.) to control the progression of cancer and other pathological states [243] . On the other hand, enhancing oxidative stress selectively in cancer cells to induce lethal effects is also desirable. Coupling radiotherapy with strategies to deplete cancer cells of antioxidants may enhance lethal effects in cancer cells. Further, enhancing the propagation of death-inducing events among irradiated cancer cells and between irradiated and bystander cancer cells through redox-modulated events would also contribute to tumor control [45; 75] .
Although targets of ROS/RNS have been identified, many others remain to be explored [110] . For this purpose, proteomic analyses of covalent modifications (oxidative/nitrosative changes) in antioxidant enzymes and DNA repair proteins combined with studies of mitochondrial protein content [244] and functions may be informative. Revealing the association of these changes with radiation-induced protective or detrimental effects may identify regulated pathways in the context of metabolic changes. Such an approach may also uncover different mechanisms for early and late cellular responses to ionizing radiation. However care must be taken to precisely define the effects of dose, dose rate and radiation quality. For example, molecular and biochemical effects that underlie high dose radiations may not necessarily mediate low dose radiations. Further, when extrapolating results across species, the metabolic rate of the system being investigated may need to be integrated. Metabolic rates greatly vary, with that of humans being an order of magnitude lower than mice [87] , which may be a factor in determining species-specific long-term effects. Likewise, basal metabolic activity in specific tissues is likely to be an important factor that determines radiation sensitivity. In sum, both genetic and metabolic susceptibility to ionizing radiation greatly affect the outcome of radiation exposure. At the organelle level, mitochondria being the major site of oxidative metabolism are almost certainly going to be affected. Whereas many studies have addressed the effects of ionizing radiation on biochemical changes in mitochondria, studies of the radiation-induced morphological changes of the organelle are lacking. This is particularly important since mitochondrial structure and bioenergetics may be tightly linked; mitochondrial size, shape and fusion/ fission may significantly vary depending on cell type, the metabolic energy status, radiation dose and quality [244; 245; 246] . Ionizing radiation (IR) induces targeted and non-targeted (bystander) effects. Communication of stress-inducing molecules from cells exposed to IR propagates stressful effects, including oxidative stress, to the bystander cells and their progeny. The induced effects may be similar in nature to those observed in progeny of irradiated cells. Reactive oxygen species (ROS) and the regulation of cell proliferation. Higher or lower than normal levels of ROS can induce cell cycle delays in different phases of the cell cycle. Long-term effects of ionizing radiation on protein oxidation. Immunoblots showing protein carbonylation (panel A) and proteins with 4-hydroxynonenal (HNE) adducts (panel B) in progeny of bystander cells that were cultured for 5 h with 1 GeV/nucleon 56 Fe-irradiated cells. Note that the radiation dose described in the figure refers to the absorbed dose by the irradiated cells.
